Surgical treatment of focal epilepsy in the presence of periventricular nodular heterotopia (PVNH) poses a challenge, as the relative roles of the nodular tissue and the overlying cortex in the generation of seizures can be complex and variable. Here, we review the literature on chronic invasive EEG recordings in humans with this substrate and present two illustrative cases from our practice. We found that while inter-ictal spiking from nodules is common, clinical seizures rarely arise solely from nodular tissue. More typically, ictal onset is simultaneous with overlying neocortex or mesial temporal structures. Surgical outcome is more favorable in cases with unilateral (as opposed to bilateral) PVNH, and when a substantial or complete ablation of PVNH is performed. In rare cases, nodular ablation alone may be sufficient, as may be completed by MRI-guided laser interstitial thermal therapy. The mechanism(s) by which PNVH interacts with overlying cortex are not fully understood, but we suggest that PVNH either orchestrates or amplifies local network epileptogenicity. At present, invasive recordings with penetrating depth electrodes are required prior to surgical therapy, as illustrated in our cases.
Published by Elsevier Ltd on behalf of British Epilepsy Association. Tassi 2005 [2]  1  M  39  -NA  NA  NA  NA  NA  NA  T  total  CD  Ia  2  F  38  ---5 cases (of 8) 3 cases (of 8)  2 cases (of 6)  T  partial  CD  Ia  3  F  33  ---T/O  total  Ia  4  F  24  ---T  partial  CD  Ia  5  F  20  ---T/O  partial  CD  Ia  6  M  27  ---T  partial  CD  Ia  7  M  24  ---T/O/P  partial  CD  Ia  8  F  40  --no nodular (Table 1) . Recently, high frequency oscillations (HFOs) have been detected in nodular recordings [15] . Photic-induced recruitment rhythms were seen in 3 out of 8 cases in Tassi et al. [2] , supporting the presence of reciprocal corticonodular connections, as have been demonstrated pathologically [16] . Heterotopic gray matter may also support sensorimotor or cognitive function [17, 18] . Thus, PVNH may participate in a wide spectrum of normal and pathologic neurophysiology.
Ictal neurophysiology
Whereas nodular sampling revealed inter-ictal spiking in the majority of reported cases, clinical seizures arising solely out of nodules appear to be rare (Table 1) . Instead, when ictal onset involves nodules, it is generally simultaneous with overlying cortex. Tassi et al. [2] reported the presence of seizures with a simultaneous onset in nodular tissue and neocortex (5 of 8), and in nodular tissue with mesial temporal structures (2 of 6), but never in nodular tissue alone. They were also unable to electrically stimulate clinical seizures from within nodules, and could only elicit these with cortical stimulation. Similarly, Aghakhani et al. [14] reported only subclinical seizures with nodular-onset ictal activity. The same cases had clinical seizures with an onset in PVNH and neocortex simultaneously. However, the importance of nodular tissue within epileptogenic networks is directly suggested by the similar surgical outcomes in both reports. In general, better outcomes were achieved in cases with unilateral PVNH, and if the nodules were at least partially ablated. Tassi et al. [2] found the overlying cortex to be dysplastic (polygyric on MRI) in 9 out of 10 cases, which may reflect a selection bias in the implantation of these cases. They argue that resections should generally involve both nodular tissue and overlying cortex, though not all nodules necessarily need to be ablated for surgical success. Only 2 of their cases received a total ablation. In some cases, nodules need not be ablated for a successful outcome to be achieved, as with case 2 in Aghakhani et al. [14] , where the resection was contralateral to the PVNH (Table 1) . A worse outcome is seen with bilateral PVNH, especially when nodules are asymmetric, likely due to the presence of multifocal epilepsy, and these patients typically have multiple seizure types [6] . Bilateral disease, however, is not a contraindication to surgery, provided that an adequate neurophysiologic assessment has been performed and the role of the PVNH within the epileptogenic network(s) is understood.
In contrast to these more favorable reports, Li et al. [10] described poor outcomes in patients with PVNH following mesial temporal resections. Six of these ten patients had classic hippocampal sclerosis, which should in itself predict a more successful surgical outcome. Seven of the ten cases had bilateral PVNH, which carries a worse prognosis. Most importantly however, only 6 cases underwent SEEG, and none had prolonged nodular recordings (one patient had acute intraoperative nodular sampling). Their results argue strongly that the contribution of nodular tissue to the epilepsy needs to be fully evaluated before a resection is performed. Notably, the same group demonstrated more successful outcomes when nodules were adequately sampled [14] .
The role of periventricular heterotopia in seizure genesis
The most widely cited example of nodular-onset seizures was a series of 3 cases described by Kothare et al. [19] . While they reported ictal activity that was first detected in nodular contacts, the overlying neocortex was not sampled in any of these cases. More importantly, these cases did not undergo resection, so the hypothesized epileptogenic zone was not confirmed. That PVNH may be central to the epileptogenic zone was demonstrated by Scherer et al. [20] . They report a case with a solitary nodule in whom ictal onset was clearly nodular, with later involvement of neocortical and hippocampal electrodes. Seizures were reproduced by electrical stimulation of nodular but not cortical contacts. Ablation of the PVNH alone rendered the patient seizure free. Other groups have reported cases treated with nodular ablation alone, with varied success. A series of three cases with solitary nodules treated by stereotactic radiosurgery (SRS) was recently reported by Wu et al. [21] . While two of these cases had seizure onsets that involved both nodular and neocortical tissue simultaneously, ablation of the nodule alone was sufficient to obtain a seizure-free outcome in all. A similar case was reported by Agari et al. [22] .
The structural and functional coupling of PVNH with overlying cortex may help to explain these recent reports. In an elegant study by Valton et al. [23] , the nonlinear correlation coefficient between contacts was used to calculate a measure of unidirectional coupling between the PVNH and other implanted regions. The heterotopic tissue was shown to have the leading role in the ictal network, both in seizures with a nodular onset and in seizures with simultaneous nodular and cortical onset. They also demonstrated the presence of an evoked response in distant cortex to electrical stimulation of nodular tissue. Kitaura et al. [24] demonstrated ex vivo bidirectional functional coupling between nodular and hippocampal tissue in a patient with simultaneous nodular and hippocampal seizure onset.
Taken together, a few possible mechanisms may account for the role of PVNH in epileptogenic networks. The PVNH itself may act as a 'pacemaker', with seizures arising independently [19, 20] , or with seizures arising from multiple regions within the network simultaneously, yet where the nodule serves an orchestrating role [23] . Alternatively, PNVH may instead function more to amplify and synchronize epileptogenic activity arising in overlying cortex [14, 25] . The data suggest that disruption of these hypothetical nodular mechanisms alone is usually insufficient, and that the epileptogenic zone generally involves both PVNH and overlying cortex [2, 6] . Rare cases to the contrary have been cited.
Case illustrations
Two recent cases from our center illustrate many of the above observations.
Case 1
This 32-year-old right-handed female suffered her first seizure at the age of 22 and subsequently pursued a medically refractory course. She was found to have unilateral PVNH of the right atrium and temporal horn, with overlying polymicrogyria of the right intraparietal sulcus, as well as closed-lip schizencephaly (Fig. 1) . On occasion she experienced a visual aura, described as a ''silver comet'' in her left visual field, but more typically seizures began directly with loss of awareness, stereotypic humming, and oral automatisms. Scalp EEG showed right and left anterior temporal sharp waves, with right temporal ictal patterns. She was explored by unilateral SEEG, with sampling of the temporal lobe and posterior quadrant, with multiple contacts sampling nodular and polymicrogyric cortex. Inter-ictal spiking was demonstrated in mesial temporal, neocortical, and nodular contacts (e.g. INB5, denoted as arrow heads in Fig. 1A ). Ictal onset was simultaneous across multiple electrodes, though the highest frequency rhythms were in nodular and overlying polymicrogyric cortex (INB5 and INC10, respectively). Ictal evolution was robust in these regions, in addition to posterior basal temporal cortex (PBT). The right hippocampus (AH) was involved many seconds later (Fig. 1B) , followed by an isolated nodule in the temporal horn (AMY7-8). Stimulation of the nodular contacts INB5-6 (50 Hz, 3 mA) produced an experience likened to her typical visual aura. With this data, a tailored ablation of posterior nodules and overlying PMG was performed by MRI-guided laser interstitial thermal therapy (MRgLITT) [26] , sparing the mesial temporal structures and anterior nodule. While only 6 months from surgery, she remains seizure free.
Case 2
This 28-year-old left-handed male was evaluated for medically refractory seizures since the first year of life. Imaging revealed bilateral, asymmetric (right > left) PVNH, PMG of the right occipital cortex, and questionable right hippocampal sclerosis. Typical seizures were of dyscognitive semiology, with prominent bimanual (right > left) automatisms. On scalp EEG, inter-ictal and ictal abnormalities were localized over the right anterior temporal region. Wada testing demonstrated left hemispheric dominance for language and memory. Bilateral SEEG electrodes were placed (11 right hemisphere, 4 left hemisphere) exploring the temporal and occipital regions, with extensive sampling of PVNH and PMG (11/15 electrodes). As with Case 1, inter-ictal spiking occurred in mesial temporal, neocortical, and nodular contacts. There were 3 seizure types. The first ( Fig. 2A) was subclinical and involved left hemispheric PVNH (LNAI7) and overlying neocortex (LNAS13). The second seizure type (Fig. 2B ) was also subclinical, involving right mesial temporal structures. With this seizure type, inter-ictal spiking continued unperturbed in right hemispheric nodular tissue (RSBS7; boxed). The third seizure type (Fig. 2C) was of his typical clinical description; ictal EEG showed background suppression and tonic fast involving right hemispheric PVNH (e.g. RSBS7) and overlying temporal neocortex. Thus, as with Case 1, epileptogenicity appeared distributed between nodules and overlying cortex, though clinical seizures only arose from a right hemispheric network. Accordingly, this patient was treated with a right anterior temporal lobectomy, including accessible nodular tissue, with interval ablation of remaining right hemispheric nodules by MRgLITT). The left hemispheric nodules were not ablated. Pathology confirmed right hippocampal sclerosis. He remains seizure-free at 1 year post-ablation.
[ ( F i g . _ 1 ) T D $ F I G ] . Seconds later, tonic fast activity and a similar evolution occur in an isolated nodule adjacent to the amygdala (AMY7-8) (second arrow). These channels in isolation (20-s window, bandpass 30-300 Hz) and their anatomic sampling are shown to the right. Clinical seizure onset occurred tens of seconds after EEG onset, with stereotypic humming, oral automatisms, and unresponsiveness. This patient was treated by an ablation of the posterior nodules and overlying PMG, sparing the mesial temporal structures and anterior nodule, and remains seizure free at 6 months post-ablation.
Summary
As these cases demonstrate, epilepsy involving a PVNH may be multifocal, with complex and distributed epileptogenic networks, yet focal resections/ablations may be successful if the role of the PVNH within the epileptogenic network(s) is understood. The literature demonstrates that surgical outcomes are generally better when nodules are at least partially ablated ( Table 1 ). The role of nodular tissue within epileptogenic networks is likely not the same in every case, as demonstrated by the varied success with nodular ablation alone. In rare cases, invasive recording may not be needed to formulate a successful resection strategy if the electroclinical picture is clear (e.g. Case 1 of [2] ), and in some cases satisfactory assessment of the epileptogenic network may be completed non-invasively [27] . However, at present, intracranial EEG evaluation remains essential for the vast majority of cases of PVNH prior to surgery. These recordings must methodically sample nodular tissue along with overlying neocortex and mesial temporal structures, so as to accurately delineate the epileptogenic network(s).
Conflict of interest statement
None.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/10.1016/j.seizure.2016.06. 019.
[ ( F i g . _ 2 ) T D $ F I G ] -8) and overlying temporal neocortex, with tonic fast activity most prominent in RNA11-12, RNBS13-14, and RNBI13-14 (arrow). The power spectrum of these neocortical channels at ictal onset is shown to the right, with a peak of activity at 80-85 Hz. Unlike the subclinical seizures (B), the nodule (RSBS7-8) is involved in the seizure, as demonstrated by a cessation of spiking. Evolution occurred predominantly in neocortical temporal contacts. Semiology consisted of unresponsiveness and bimanual automatisms. This patient was treated by a combination of a right anterior temporal lobectomy followed an ablation of the right hemispheric nodules, and remains seizure free at 12 months postablation. Post-operative MRI shown in supplemental Fig. 3 .
